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ABSTRACT: Fluorescence intensity, polarization, and (Ca2+-Mg2+)-ATPase (CaATPase) activity were 
measured for sarcoplasmic reticulum (SR) CaATPase with varying amounts of fluorescein isothiocyanate 
(FITC) attached at  a specific site at  or near the ATP binding site. The stoichiometry of attached FITC 
was proportional to the inhibition of ATPase activity, consistent with the independent labeling of one FITC 
site per CaATPase molecule. Polarization measurements on vesicular CaATPase indicated the Occurrence 
of energy-transfer depolarization that increased as the fraction of binding sites labeled by FITC increased. 
Addition of the nonionic detergent dodecyl nonaoxyethylene alcohol (ClzE9) eliminated the energy-transfer 
depolarization for all degrees of labeling with little direct effect on the attached FITC molecule. Fluorescence 
polarization measurements on sizing-column-purified FITC-labeled CaATPase in the presence of 30 mM 
Cl2Eg indicated that the sample consisted of homogeneous monomeric CaATPase. The attached FITC 
molecule was not sensitive to the bulk viscosity for either the vesicular or the detergent-solubilized CaATPase. 
The midpoints of the transition from vesicular to monomeric CaATPase as a function of increasing detergent 
concentration were determined from fluorescence polarization and light-scattering measurements. The 
dependence of these midpoints on the CaATPase concentration indicated a stoichiometry of 262 f 35 
molecules of C12Eg per CaATPase in the detergent-protein complex. Both measurements gave the same 
result. The decrease of fluorescence polarization with increasing saturation of the FITC binding sites for 
vesicular and detergent-solubilized CaATPase was analyzed in terms of energy-transfer depolarization to 
determine the spatial arrangements of CaATPase molecules. The statistically best fit to the data for the 
vesicular case was obtained by using a model in which each CaATPase has three neighboring CaATPase 
molecules, consistent with tetrahedra or two-stranded ribbons of CaATPases. The average distance between 
FITC molecules in this model was found to be 4.4 nm. The detergent-solubilized CaATPase was clearly 
monomeric. 

x e  (CaZ+-MgZ+)-ATPase (CaATPase) of skeletal muscle 
sarcoplasmic reticulum (SR) uses MgATP as an energy source 
to pump Ca2+ out of the cytosol and into the SR lumen. The 
observation that two Ca2+ ions are transported for each ATP 
hydrolyzed (Hasselbach & Makinose, 1963; Weber et al., 
1966) has been confirmed by many workers. More recently, 
studies have indicated that two Ca2+ ions and one MgATP 
are substrates for one CaATPase molecule (Mdler et al., 1980; 
Murphy et al., 1982; Kosk-Kosicka et al., 1983), although this 
stoichiometry is not universally accepted. Less clear is the role 
that aggregation of CaATPase monomers into oligomers may 
have in Ca2+ transport. The SR membrane is rich in Ca- 
ATPase, about 2:l protein to lipid by weight (Stewart & 
MacLennan, 1974), with much of the protein being CaATP- 
ase (Meissner et al., 1973; Coll & Murphy, 1984; Barrabin 
et al., 1984), so there is little doubt that the CaATPase 
molecules are near one another. However, whether there are 
interactions between CaATPase monomers-either mono- 
mer-monomer binding in preferred spatial orientations or 
functional intermolecular interactions-has not been estab- 
lished. 

Several lines of physical evidence indicate that there is, at 
least, association between monomeric subunits. Early electron 
microscopic studies showed there are about 4 times as many 
protein projections on the outside of SR vesicles as there are 
protein core structures in the lipid leaflet (Jilka et al., 1975; 
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Scales & Inesi, 1976). That the CaATPase subunits are close 
enough to interact physically has been shown by chemical 
cross-linking (Murphy, 1976; Louis & Holroyd, 1978; Kosk- 
Kosicka et al., 1983), by fluorescence energy transfer (Van- 
derkooi et al., 1977; Watanabe & Inesi, 1982; Champeil et 
al., 1982; Fagan & Dewey, 1986), by excimer formation (Ludi 
& Hasselbach, 1983), and by concentration depolarization of 
fluorescence (Ludi & Hasselbach, 1982). The subunit prox- 
imity indicated by these results usually has been interpreted 
in terms of CaATPase dimers or tetramers. 

Vanadate has been shown to cause several striking structural 
effects on the CaATPase (Dux & Martonosi, 1983; Taylor 
et al., 1984; Scales & Highsmith, 1984; Highsmith et al., 1985; 
Dux et al., 1985), and although millimolar vanadate is far from 
physiological, X-ray scattering from vandate-treated SR 
suggests that the subunits are in specific spatial orientations. 
The subunits appear strongly connected as dimers with weaker 
but definite interdimer connections to form rows or ribbons 
of CaATPase dimers (Taylor et al., 1984). Rows of Ca- 
ATPase subunits have also been observed in the absence of 
vanadate in freeze-fracture electron micrographs of native 
CaATPase (Castellani et al., 1985) and of reconstituted 

Abbreviations: SR, sarcoplasmic reticulum from skeletal muscle; 
CaATPase, (Ca2+-Mg2+)-ATPase from SR; FITC, fluorescein isothio- 
cyanate; CI2E9, dodecyl nonaoxyethylene alcohol; P, polarization; A ,  
emission anisotropy; EGTA, ethylene glycol bis(@aminoethyl ether)- 
N,N,N',N'-tetraacetic acid; &, effective angle between the donor emission 
and acceptor absorption dipoles; re, effective distance between a donor 
and acceptor; kT, rate constant for energy transfer; kF, rate constant for 
fluorescence; Ro, critical distance for a donor-acceptor pair; MOPS, 
3-(N-morpholino)propanesulfonic acid. 
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CaATPase (Lentz et al., 1985). 
The evidence that the subunits interact functionally is not 

as strong. The biphasic kinetics of Ca2+ binding and/or release 
(Ikemoto et al., 1981; Kurobe et al., 1983) require that each 
CaATPase have only one Ca2+ binding site in order to signify 
that the subunits interact. The observations that in the 
presence of detergents more than one CaATPase per functional 
unit is needed for full activity (LeMaire et al., 1976) and for 
the maintenance of cooperative Ca2+ binding and ATP regu- 
latory effects (Silva & Verjovski-Almeida, 1983; Verjovski- 
Almeida & Silva, 1981) suggest the occurrence of functional 
subunit interactions but are not consistent with the larger body 
of evidence on detergent-solubilized CaATPase monomer that 
is discussed below. Target-theory studies of vesicular SR  
suggest a functional CaATPase dimer (Hymel et al., 1984). 
Finally, the observation that at alkaline pH the Hill coefficient 
for Ca2+ binding to vesicular SR  is greater than 2 (Watanabe 
et al., 1981) suggests that at least two subunits can interact 
functionally. 

There is a substantial amount of evidence in favor of a 
monomeric CaATPase pump. Nonionic detergents dissociate 
SR proteins and lipids into CaATPase monomers, in detergent 
micelles, which have full Ca2+-activated ATPase activity (Dean 
& Tanford, 1978; Merller et al., 1980). Furthermore, the 
dependence of the monomer activity on free calcium (Murphy 
et al., 1982; Kosk-Kosicka et al., 1983; Scofano et al., 1985) 
is cooperative, as is Ca2+ binding to vesicular CaATPase (Inesi 
et al., 1980; Highsmith, 1982; Scofano et al., 1985). The 
feasibility of the monomer as the pump, based on its various 
properties, has been studied in detail by Merller and his as- 
sociates (Merller et al., 1980, 1982; Andersen et al., 1982, 1985; 
Vilsen & Andersen, 1986), and a strong argument has been 
made in favor of a monomeric pump. The drawback to con- 
clusions based on results from detergent-solubilized monomers 
is that these monomers cannot actually pump, since there is 
no membrane to provide compartments. In addition, there are 
questions regarding the completeness of monomerization in 
the presence of detergents (Silva & Verjovski-Almeida, 1983, 
1985). Evidence that the monomeric CaATPase is the pump 
is provided by X-ray scattering measurements on membranes 
that are pumping, which suggest that the monomer is the 
major species (Brady et al., 1981). 
On the whole, there are insufficient data to conclude 

whether the pumping unit is or is not oligomeric. In this work, 
keeping in mind the distinctions between (1) proximity of 
subunits with no interactions, (2) binding of subunits to form 
discrete aggregates with no functional interactions, and (3) 
binding of subunits that have functional interactions between 
ligand binding sites on different CaATPase molecules, we 
measured the fluorescence intensity and emission anisotropy 
of SR vesicles labeled at or near the ATP binding site with 
various amounts of fluorescein isothiocyanate (FITC). The 
data were not consistent with isolated CaATPase monomers 
or dimers. The best model, for the data obtained here, is one 
in which every CaATPase molecule has three neighboring 
CaATPase molecules. The results suggest that the CaATPase 
molecules exist in clusters, but there was no evidence of 
functional interactions between CaATPase neighbors. 

MATERIALS AND METHODS 
Vesicular SR CaATPase was prepared (Eletr & Inesi, 1972) 

from rabbit hind leg muscle and stored at 0 OC in solutions 
containing 30% sucrose by weight. Protein concentrations were 
determined by using a biuret method and standardizing with 
isolated SR protein that was extracted from vesicles. Chem- 
icals were reagent grade. Sucrose was ultrapure from 

Schwarz/Mann. The nonionic detergent C1& was purchased 
from Sigma Chemical Co. 

Ca2+-activated ATPase activities were measured at 25 OC 
by detecting inorganic phosphate production (Murphy, 198 1). 
Rates were determined from slopes of plots of [Pi] vs. time 
that had five points and linear regression r values of at least 
0.99. Vesicular activities were determined for solutions con- 
taining 0.01 mg/mL SR protein in 63 mM KCl, 5 mM MgCl,, 
2 mM ATP, 0.83 mM EGTA, 1 .O mM CaCl,, 4 mM MOPS 
(pH 7.0), and 1 kg/mL A23187. Detergent-solubilized 
CaATPase activities were measured with 30 mM C12& in the 
assay buffer and were calibrated by using a standard curve 
produced with the appropriate [CI2E9] in the phospho- 
molybdate solution. 

Vesicular CaATPase was modified with FITC as described 
(Highsmith, 1984) at pH 7.7, 25 OC, and also at pH 7.7, 0 
"C, for up to 18 h, as described under Results and Discussion. 
The FITC-modified SR vesicles were purified by size-exclusion 
chromatography with a Bio-Gel P- 10 column (1 0 cm X 1 cm) 
or by centrifugation and resuspension of the pellet, with 
equivalent results. The protein concentration of the isolated 
modified SR was measured by either a biuret method or the 
Bradford method (Bradford, 1976), with equivalent results. 
The attached FITC did not affect the protein concentration 
determination, using unlabeled SR vesicles as a standard. 
Column-purified C12Eg-solubilized CaATPase was prepared 
by using a 12 cm X 1 cm column packed with Sephacryl 
S-1000. The extent of FITC labeling was assayed by 
Ca2+-activated ATPase activity (Highsmith, 1984). 

Fluorescence intensity from FITC-labeled CaATPase was 
determined by using a Perkin-Elmer MPF-44B fluoro- 
spectrophotometer, irradiating the samples at 450 nm and 
observing at 520 nm without filters or polarizers. Light- 
scattering contributions to the fluorescence were negligible for 
these conditions. Polarizations were determined by using 
excitation and emission wavelengths of 490 and 520 nm, re- 
spectively, and the equation: 

l0,O - z0,90~z90,0/z90,90~ 

zO,O + z0,90~z90,0/z90,90~ 
P =  

where Zxs values are the fluorescence intensities with the ex- 
citation and emission polarizers set at x and y degrees from 
the plane of the exciting light, respectively. Each Zxs for 
FITC-labeled CaATPase was corrected by subtracting the Zxy 
obtained with unmodified CaATPase at the same concentra- 
tion. Emission anisotropies, which are additive for het- 
erogeneous samples (Weber, 1952), were calculated as A = 

Light-scattering measurements were made on unlabeled and 
FITC-labeled CaATPase samples using 350-nm light and 
detecting at 90' from the incident beam. 

RESULTS AND DISCUSSION 
Fluorescence Intensity and CaATPase Activity Measure- 

ments on Vesicular and Solubilized FZTC-Labeled CaA TPase. 
Vesicular SR CaATPase was labeled with FITC and separated 
from free FITC as described above. The fluorescence intensity 
at 520 nm for the isolated FITC-labeled CaATPase is shown 
as a function of inhibition of CaATPase activity in Figure 1. 
The intensity of the attached probe is proportional to the 
inhibition, which is consistent with earlier measurements 
(Mitchinson et al., 1982; Andersen et al., 1982; Highsmith, 
1984). Complete inhibition is obtained with 5.2-5.3 nmol of 
FITC/mg of SR protein (Highsmith & Murphy, 1984; 
Highsmith, 1984). The straight line in Figure 1 fits data 
obtained for labeling with variable amounts of FITC at 25 OC, 

(1/P - 1/3)-'. 
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FIGURE 1 : Vesicular CaATPase was modified with varying amounts 
of FITC and separated from any unreacted FITC as described under 
Materials and Methods. The relative intensity of the FITC 
fluorescence for 0.05 mg of protein/mL is plotted against the loss 
of Ca-activated ATPase activity at 25 OC. These data are consistent 
with reactive sites for FITC that do not interact with one another. 
The slope of the line is 1.0. 

pH 7.7, with 0.1 mM CaCl, or 1 mM EGTA present, and at 
0 "C, pH 7.7,  with 0.1 mM CaCl, present, in the labeling 
incubation mixture. Pick and others have shown that FITC 
binds at  or near the ATPase binding site specifically and 
stoichiometrically (Pick & Bassilian, 198 1 ; Highsmith, 1984; 
Coll & Murphy, 1984). Recently, its site of attachment has 
been assigned to Lys-514 (MacLennan et al., 1985). FITC 
attached to the CaATPase is sensitive to protein conformation 
and responds to intramolecular ligand binding (Pick & Bas- 
silian, 1981; Pick, 1981; Highsmith, 1986). Since fluorescence 
is sensitive to environment, the intensity of the FITC 
fluorescence could monitor interactions between ATP binding 
sites, if the subunits were interacting. However, the data in 
Figure 1 are fully explained by the simpler model of inde- 
pendent FITC attachment at noninteracting ATP-hydrolyzing 
sites. This does not exclude the possibility that ATP binding 
itself could involve subunit interactions, but the results shown 
in Figure 1 provide no evidence that the Lys-514 environment 
on one CaATPase is modified by FITC on another CaATPase. 

Labeling of CaATPase molecules does not appear to affect 
the enzyme beyond blocking the binding of ATP and therefore 
inhibiting its ATPase activity. The hydrolytic activity for 
smaller substrates that do not require binding in the adenine 
subsite is not changed by FITC (Pick & Bassilian, 1981). The 
FITC-CaATPase molecules have the same appearance in 
negatively stained electron micrographs as unlabeled Ca- 
ATPase (Highsmith et al., 1985; Coan et al., 1986) and form 
the same two-dimensional arrays when treated with vanadate 
(Highsmith et al., 1985). 

It is crucial for polarization measurements that the samples 
be free of any unattached FITC. To test the effectiveness of 
the size-exclusion chromatography in removing free FITC, 
advantage was taken of the intensity loss that occurs in non- 
ionic detergents for free FITC but not FITC-CaATPase. 
Identical aliquots of 0.05 mg/mL SR protein with 0.1-4.8 
nmol of FITC/mg of SR protein were diluted in buffers at  
pH 6 ,  7, or 8 containing 0 or 30 mM C12E9. Parallel mea- 
surements were made on equivalent concentrations of FITC 

0 30 8 0  90 120 
FLUORESCENCE INTENSITY (+C,  *En) 

FIGURE 2: Vesicular CaATPase was modified with varying amounts 
of FITC and purified by size-exclusion chromatography or centri- 
fugation. The FITC fluorescence intensity was then measured for 
0.05 mg/mL samples with 0.1-4.8 nmol of FITC/mg of protein in 
buffer (100 mM KC1, 5 mM MgC12, 0.10 mM CaC12, and 10 mM 
MOPS) with and without 30 mM CI2E9 at pH 6 (v), 7 (m), and 8 
(0). Parallel measurements were made on comparable concentrations 
of FITC in the absence of SR in solutions with and without 30 mM 
CI2E9 at the same pHs (open symbols). Within experimental error, 
there is no unattached fluorescent FITC in the FITC-CaATPase 
preparations. The slope of the solid line is 1.03. 

without SR present (Figure 2). The unattached probe 
fluorescence intensity is decreased 2.5-fold at pH 7 or 8, and 
6-fold at pH 6, by the presence of the detergent micelles. This 
is probably because the micellar environment favors the mo- 
noanionic FITC which has a lower quantum yield than the 
dianion (Leonardt et al., 1971). The fluorescence intensity 
of the FITC-CaATPase samples was not sensitive to detergent, 
within experimental error. This result (Figure 2) indicates 
there is negligible fluorescent FITC that is not bound cova- 
lently to the CaATPase after the purification step. Moreover, 
the linearity of the data in Figure 1 suggests that all the FITC 
is bound in a homogeneous environment. These results 
strengthen the conclusion that FITC stoichiometrically mod- 
ifies the CaATPase (Mitchinson et al., 1982; Andersen et al., 
1982). The data in Figure 2 also indicate that the bound FITC 
is in an environment that is partially protected from the bulk 
solvent, in agreement with results from recent Stern-Volmer 
quenching studies (Highsmith, 1986). 

Disparate reports regarding the degree of activation of 
CaATPase upon complete solubilization by nonionic detergents 
(Andersen et al., 1983; Dean & Tanford, 1978; Verjovski- 
Almeida & Silva, 1981; Kosk-Kosicka et al., 1983; LeMaire 
et al., 1976; Murphy et al., 1982; MacIntosh & Davidson, 
1984; Martins & deMeis, 1985) stimulated a reinvestigation 
of the effects of C12E9 on activity. The CaATPase activities 
in the presence of 30 and 0 mM C12E9, respectively, had a ratio 
of 1.15 f 0.12 under conditions (see Materials and Methods) 
in which A23187 was present and the high-affinity Ca2+ 
binding sites and the ATP-hydrolyzing and regulatory sites 
were saturated. The observed detergent activation is small, 
nearly zero within experimental error, and supports the con- 
clusion that detergent activation of SR vesicle CaATPase 
activity by C12E9 is due to increased leakiness rather than any 
direct detergent-protein interaction (Murphy et al., 1982). 

Fluorescence Polarization Measurements. In  general, for 
conditions that maintain noninteracting fluorophores, the 
fluorescence polarization of a solution is independent of 
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FIGURE 4: Polarization of FITC-labeled SR CaATPase is shown as 
a function of increasing amount of attached FITC for (A) vesicular 
and (B) 30 mM C12E9-solubilized enzyme. The decrease in polari- 
zation in panel A is due to fluorescence energy-transfer depolarization 
(see text). [SR] = 0.05 mg/mL. 
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FIGURE 5: Polarization of CaATPase modified with 4.8 nmol of 
FITC/mg of SR protein is shown for 0.05 mg of SR/mL in pH 7 
buffer (see Figure 2 caption) containing increasing amounts of C12E&,. 

difference between the polarization of the fully labeled de- 
tergent-solubilized CaATPase and that of the minimally la- 
beled vesicular CaATPase, for which the probability of 
FITC-FITC neighbors is small, supports the conclusion that 
high concentrations of C& monomerize the enzyme (Murphy 
et al., 1982; Coll & Murphy, 1984). The data in Figures 1 
and 2 suggest that no cooperative binding of FITC is occurring 
and that ClzEg does not change the excited-state lifetime of 
the attached FITC. This leaves energy transfer as the most 
likely mechanism for the observed depolarization. Energy 
transfer between labeled vesicular CaATPase molecules was 
originally observed by Vanderkooi et al. (1977). 

The effect of increasing amounts of C12E9 on the polari- 
zation of FITC-CaATPase with 4.8 nmol of FITC/mg of SR 
protein is shown in Figure 5 .  This ability of detergents to 
separate CaATPase molecules has been monitored previously 
by fluorescence energy transfer between heterogeneous do- 
nor-acceptor pairs (Vanderkooi et al., 1977; Watanabe & 
Inesi, 1982), by the loss of eximer formation (Ludi & Has- 
selbach, 1982), by increased rates of the rotation of covalently 
attached pyrene (Ludi & Hasselbach, 1983), and by light 
scattering (Champeil et al., 1982). 

The [C12E9] at  the midpoint of the transition from lower 
to higher polarization (Figure 5 )  increased with increasing 
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FIGURE 6: Midpoints for the increase in FITC-CaATPase polarization 
(0) or the decrease in 350-nm light scattering (v) due to increasing 
[Cl,Eg] are plotted against the concentration of SR protein in 100 
mM KCl, 5 mM MgC12, 0.10 mM CaCl,, and 10 mM MOPS (pH 
7.0, KOH). 

[SR]. A plot of [C12&]1/2 vs. [SR] is shown in Figure 6 ,  along 
with complementary data obtained from the decrease in light 
scattering as [C12Eg] is increased (titrations not shown). The 
data were fit to the expression: 

[CIZE~I 1/2,total = [C1&911/2,free n[DSR1 
where the subscript denotes the midpoint, and n is the 
number of CI2E9 molecules bound to a solubilized CaATPase 
in the complex DSR. The slope of the fitted line in Figure 
6 yields n = 0.82 g of C12&/g of protein or 262 f 35 molecules 
of C12&/CaATPase, using 5.3 nmol of CaATPasejmg of SR 
protein. These values are consistent with those obtained with 
the similar detergent CI2Es: 0.83 g/g (Dean & Tanford, 1978) 
and 1 g/g (Andersen et al., 1983). 

The polarization for the lowest degree of labeling of the 
vesicular CaATPase is 0.44 (Figure 4) ,  which approaches the 
maximum theoretical value of 0.50, suggesting that the probe 
is motionally restricted. Perrin plots for vesicular FITC- 
CaATPase in the presence of EGTA, Ca2+, and phosphate or 
vanadate, and in solutions containing C,,Eg, are shown in 
Figure 7A-D. There is little dependence of PI on TIT,  
suggesting that the FITC is in an environment that is not 
sensitive to the viscosity of the bulk solvent. Shown in Figure 
7E are data for free FITC. The value of the intrinsic polar- 
ization, Po, obtained by extrapolation, is 0.49, which is close 
to the theoretical maximum. Weber (1966) has shown that 
the Po values of probes attached to proteins can be used to 
determine an equivalent cone-shaped volume in which the 
probe is free to move, using the equation: 

( 1 )  
where Po is the observed value from the Perrin plot extrapo- 
lation, P,,, is the value obtained when all motion is stopped, 
and 6, is the full angle of the cone. Using values from ex- 
trapolations of the data in Figure 7A for p o  and from Figure 
7E for P,,,, we estimate 6, to be 16 f 5 ' .  There are no data 
near T / v  = 0 in Figure 7A, so the uncertainty associated with 
this estimate is large, but it suggests that the probe has only 
limited freedom of rotation and therefore is in a sterically 
hindered environment. This is consistent with the conclusions 
drawn from recent Stern-Volmer quenching measurements 
on FITC-labeled vesicular CaATPase (Highsmith, 1986). 

Analysis of Fluorescence Energy- Transfer Depolarization 
Data. Energy-transfer depolarization provides information 
on the distance between the donor and acceptor, and on the 
angle between the donor emission dipole and the acceptor 
absorption dipole (Weber & Daniel, 1966; Knox, 1968; Dale 
& Eisinger, 1974). The experimentally determined decrease 
in emission anisotropy that occurred with increasing saturation 
of the FITC labeling sites was compared to the decreases 
predicted from models of various CaATPase spatial ar- 

Po = P,,,(3 cos2 0, - 1 ) / 2  

f l q ,  ( O K l c p )  

FIGURE 7: Reciprocal polarization vs. T/v  plots for FITC-CaATPase 
(1 .O nmol of FITC/mg of SR protein) in 100 mM KC1,5 mM MgCI2, 
and 10 mM MOPS are shown on the left for samples with (A) 1 mM 
EGTA and 20 mM phosphate (pH 6), (B) 1 mM EGTA and 0.25 
mM vanadate, (C) 0.10 mM CaClz (0) or 1.0 mM CaC1, (A), and 
(D) 0.10 mM CaCl, and 30 mM CI2E9. Temperature was changed 
to alter viscosity. On the right side (E) is shown PI vs. T / q  for free 
FITC. The closed symbols are far data obtained by using 30% sucrose 
to vary 1. The open symbols are for CaATPase in 100 mM KC1,5 
mM MgC12,O.IO mM CaC12, and 10 mM MOPS (pH 7.0, KOH) 
at different temperatures. 

rangements, based upon a theory by Weber and Daniel (1966). 
The emission anisotropies are calculated from 

where $i is the fractional fluorescence intensity and A,  is the 
emission anisotropy, for each fluorescent species. In the model 
used here, the various fluorescent species differ in the number 
of neighboring fluorophores that are adjacent to each fluo- 
rescent donor. This number can range from 0 to q, where q 
is the coordination number of the geometric arrangement of 
fluorophore binding sites, i.e., the number of sites that are 
nearest neighbors to each site. 

By use of notation similar to that of Weber and Daniel 
(1966), the A ,  are made up of contributions from Ao, where 
there is no energy transfer, and AT, where transfer occurs, 
weighted by the probabilities of transfer, Pi, where 

The expression for Acald is 
Pi = ( i k ~ / k ~ ) / ( 1  + i k ~ / k ~ )  

Acalcd = E$,[& - (Ao - AT)pil 

( 3 )  

4 

i=O 
( 4 )  

which is a function of the number of neighboring acceptors 
(i) for each donor (where 0 I i I q), the rate constants for 
fluorescence and transfer (kF and kT, respectively), the effective 
angle between the emission and absorption dipoles (Oe), the 
effective distance between the dipoles (re), the critical distance 
for the donor-acceptor pair (Ro), and the emission anisotropy 
when the system is saturated (As) .  Weber and Daniel (1966) 
also derived the following relationships, assuming that multiple 
transfers may be ignored: 

AT = Ao(3 COS2 Be - 1 ) / 2  ( 5 )  
- A S ) / ( A S  - A T )  = qkT/kF ( 6 )  

k T / k F  = cos' 6e(Ro/r,)6 (7) 
and 

From Figure 1 ,  it is seen that the fluorescence intensity is 
proportional to the FITC-induced loss of CaATPase activity, 
which in turn is proportional to the fractional saturation of 
FITC binding sites,$ Thus, for anyf, if we assume the sites 
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FIGURE 8: Polarization data, as in Figure 4, replotted for vesicular 
(0) and solubilized (0) FITC-CaATPase as emission anisotropies 
vs. degree of labeling. Data were fit by the model described in the 
text. The solid lines are the fits for q = 3 (vesicular case) and q = 
0 (solubilized case). The inset shows the relative goodness of fits to 
the vesicular FITC-CaATPase data for various values of q, expressed 
as vs2 vs. q, where Y is the number of degrees of freedom and s2 is 
the variance of each fit. vs2 equals the sum of the squares of the 
residuals for each fit. 

are labeled randomly, the value for the fractional fluorescence 
intensity of each species, 4, in eq 2, can be calculated from 
the statistics of random distributions: 

4, = (Plf'(1 -fY-' (8) 

where ( I )  is the binomial coefficient q! / [ i ! (q  - i)!] and 0 I 
i I q. The right side of eq 8 is the probability, for a given 
donor, that i neighboring sites are occupied by fluorophores 
and that q - i neighboring sites are not occupied by fluoro- 
phores, where the fraction of total sites occupied by fluoro- 
phores isf, and 0 If I 1.  Thus, for a givenf, 4, is the fraction 
of total fluorophores that have i neighboring fluorophores. 

The geometric modeling of CaATPase spatial arrangements 
is now done as follows. The data of emission anisotropy vs. 
f (Figure 8) are analyzed by use of eq 2. In eq 2, Ai is 
expressed, for each value of i, in terms of Ao, AT, As, and q 
by use of eq 3, 4, and 6. Also, 4, is expressed as a function 
off,  for each value of i, in terms of q by use of eq 8. Thus, 
Acalcd can be written as a function off in terms of the pa- 
rameters Ao, AT, As, and q. Since q is restricted to integral 
values, it is not possible to determine the best values of Ao, 
AT, As, and q simply by a four-parameter fit to the data of 
emission anisotropy vs. f. Our procedure is to specify the 
various integral values of q, and for each value to perform a 
three-parameter fit for the optimal values of Ao, AT, and As. 
The variances of the fits then indicate which value of q is best. 
The nonlinear least-squares fits were performed by use of the 
Marquardt algorithm, which combines gradient-search and 
matrix-inversion methods (Bevington, 1969). 

Figure 8 shows the best fits of eq 2 to the data for vesicular 
and detergent-solubilized FITC-CaATPase. For the vesicular 
case, the best fit is obtained with q = 3, where A. = 0.54, AT 
= 0.31, and As = 0.35. In the inset of Figure 8 the product 
of the number of degrees of freedom and the variance of each 
fit is plotted against q. Although q = 3 gives a much better 

0 t---. 

q=o q= 1 

q=2  q=3 

El3 q=4 q=6 

FIGURE 9: Spatial arrangements of FITC molecules are shown for 
various values of q (=number of neighbors) based on the model 
described in the text. Each FITC is represented by a closed circle, 
and lines connect neighbors. The tetrahedron is the only isolated 
oligomeric structure that has q = 3 and equidistant neighbors. The 
array and double-stranded ribbon structures extend indefinitely. 

fit than q = 0 or 1, the fits obtained with q = 2-6 are only 
slightly worse than that obtained with q = 3. Fortunately, 
the physical parameters of interest here (Ao, re, and e,) are 
not very sensitive to q in the 2-6 range. The values A. = 0.54 
f 0.06, re = 4.4 f 0.5 nm, and Be = 32 f 6O were obtained 
by using eq 5-7 and Ro = 5.0 nm (Forster, 1948). 

The q = 3 result is consistent with an arrangement of FITC 
binding sites in which each site has three equidistant neigh- 
boring sites. Some geometric arrangements of FITC molecules 
that fulfill this q = 3 criterion are pictured in Figure 9, e.g., 
isolated tetrahedra, extended hexagonal planar arrays, or 
extended ladderlike "ribbons". Also shown in Figure 9 are 
several geometric arrangements that are less compatible with 
the data. These include isolated monomers (q = 0), isolated 
dimers (q = l ) ,  and the two-dimensional array for q = 6. 

It should be appreciated that the modeling of possible ar- 
rangements of CaATPase molecules as arrays in which each 
CaATPase has q equidistant neighbors is only an approxi- 
mation. Arrangements can also be imagined in which the 
neighbors are not equidistant or in which different sites have 
different numbers of neighbors. The sites could also be dis- 
tributed randomly in the membrane, with no short- or long- 
range order at  all. Our results should thus be interpreted in 
terms of average configurations that are not necessarily strictly 
geometrical. Therefore, q = 3 represents the average number 
of CaATPase molecules that are neighbors to each CaATPase, 
re is the average distance between neighboring FITC binding 
sites, and Be is the average angle between the donor emission 
and acceptor absorption dipoles. 

Keeping the above limitations in mind, further discrimi- 
nation between spatial arrangements can be made by com- 
paring the area per CaATPase, obtained from the q = 3 lattice 
when re = 4.4 nm, to areas determined by others and to 
calculated areas. The two-dimensional arrays of CaATPase 
molecules that are induced by vanadate have been analyzed 
by Taylor et al. (1986), who obtained a surface lattice unit 
cell after image reconstruction which had a cross-sectional area 
per CaATPase of 36.9 nm2. The unit cell area is about 50% 
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larger than the cross-sectional area of the CaATPase itself. 
This area is of interest here because it is for a case in which 
the CaATPase molecules are bound to one another. By com- 
parison, the average area per CaATPase for randomly dis- 
tributed molecules, with no binding, can be estimated by 
calculation (Scales & Inesi, 1976) using the vesicle volume 
(7.4 f 0.2 mL/g of protein; Duggan & Martonosi, 1970), the 
vesicle radius (75 nm; Scales & Inesi, 1976), the percentage 
of total protein that is CaATPase (50% by weight; Coll & 
Murphy, 1984), and a molecular weight of 115 000 for the 
CaATPase. This calculation gives an area per CaATPase, 
averaged over the whole membrane, of 110 nm2. Experi- 
mentally determined areas per CaATPase are substantially 
smaller (Napolitano et al., 1983; Franzini-Armstrong & 
Ferguson, 1985). The area per CaATPase obtained here from 
the fluorescence measurements is 25 nm2 for the hexagonal 
(q = 3) lattice. This area is less than one-quarter of the 
average area per CaATPase calculated for randomly distrib- 
uted molecules and is closer to the area for “crystallized” 
CaATPase. This result suggests that the FITC-labeled 
CaATPase molecules are clustered in the bilayer and therefore 
probably bind to one another. This conclusion is consistent 
with that of Franzini-Armstrong and Ferguson (1985), who 
did a stereological study of negatively stained SR vesicles and 
concluded that the CaATPase molecules exist as aggregates. 

The value obtained for the effective angle between the donor 
emission and acceptor absorption dipoles, 0, = 32 f 6O, does 
not impose additional geometrical constraints on the possible 
arrangements of neighboring CaATPase molecules, given the 
apparent local freedom of motion for each FITC molecule (8, 
= 16 f 5O, eq 1). 

Within the present interpretational framework, and the 
assumptions of random labeling of FITC binding sites and 
neglect of multiple transfers (Weber & Daniel, 1966), there 
are three simple spatial arrangements that are compatible with 
the vesicular data: (1) tetrahedra, which could result from 
CaATPase tetramers whose subunits project different distances 
from the bilayer; (2) two-stranded ribbons; and (3) a hexagonal 
array (Figure 9, q = 3). Tetrameric clusters and two-stranded 
ribbons have been observed in negatively stained electron 
micrographs of vesicular SR (Jilka et al., 1975; Scales & Inesi, 
1976; Taylor et al., 1984; Castellani et al., 1985). The data 
here do not permit distinction between these two arrangements 
or between them and the hexagonal array, as all are q = 3 
configurations. However, these data do exclude lower orders 
of organization, such as isolated monomers or dimers. On the 
other hand, for the case of the detergent-solubilized FITC- 
labeled CaATPase, the only value for q that is consistent with 
the emission anisotropy data is zero. In this case, the plot of 
Acalcd vs. f is a horizontal line (Figure 8). This result supports 
the conclusion that the C12E9-solubilized CaATPase is mo- 
nomeric (Murphy et al., 1982). 
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